Several pre-cataclysmic binaries, comprising a hot white dwarf with a red dwarf companion, have been discovered as a result of the optical identification of EUV sources from the ROSAT all-sky survey. The optical spectra have the steep blue continuum and Balmer absorption typical of a hot white dwarf, but there are bright, narrow emission lines of H i (and sometimes He i and Ca n) superimposed. An intense campaign of follow-up observations has been devoted to these binary systems. So far, only RE 2013 + 400 has exhibited any measurable changes in the radial velocities of the emission components, from which it is possible to estimate that the binary period is 0.71 d. A clear Hen 4686-À absorption feature is detected, which indicates that, like most PCBs with white dwarfs hotter than 40 000 K, the white dwarf is a hydrogen-helium hybrid star (DAO). A combined analysis of the optical, UV and EUV/X-ray data suggests that the atmospheric He abundance is higher in the optical line-forming region of the white dwarf photosphere than in the region where the EUV/X-ray flux is formed. This is an interesting result, in the light of the recent optical study of a sample of DAO white dwarfs by Bergeron et al., if representative of DAO white dwarfs in general.
INTRODUCTION
Detached binary systems that have periods ranging from a few hours to a few days are of importance as the progenitors of cataclysmic variables (e.g. Ritter 1986 ). The fact that only five such systems were found among the white dwarfs in the Palomar-Green survey (Green, Schmidt & Liebert 1986) indicates that they are relatively rare. Most, if not all, of these systems must have undergone common-envelope evolution, including those with longer periods such as Feige 24 (P=4.2 d, Thorstensen et al. 1978) . Livio & Soker (1988) * Guest Observer with the International Ultraviolet Explorer.
showed that the final separation in a system involving a supergiant may be larger than one with a giant. However, only those with sufficiently short periods or a secondary of low enough mass, about one-half of those known, will ultimately evolve to Roche lobe overflow and become cataclysmic variables (CVs) (Ritter 1986 ). These pre-cataclysmic systems are important, as it is possible to study each component separately, addressing questions such as how common-envelope evolution has affected the white dwarf when compared with isolated examples. It might be that individual objects have unusual chemical composition, or that the whole sample may have a different mass distribution to the isolated stars. Certainly, Feige 24 appears to have a lower than average mass of 0.4 ± 0.04 M 0 , from measurements of the gravitational redshift (Vermes & Thorstensen 1994) .
The secondary star in most pre-cataclysmic systems is a red dwarf. This may be directly detectable at wavelengths beyond « 5000 À, as in, for example, the DA+dM binary RE 1629 + 781 (Cooke et al. 1992) . However, often the white dwarf is particularly hot and bright, or the companion is towards the cool end of the M spectral range. In these circumstances, the only immediately apparent manifestation of the cooler star is the presence of a series of emission lines arising from the reprocessing of the white dwarf spectrum in the illuminated face of the red dwarf atmosphere or possibly from flare activity on the red dwarf (Sion et al. 1994) . Examples of this are the binaries PG 1413 + 015 (Fulbright et al. 1993 ) and RE 1016 -053 (Jomaron et al. 1993; Tweedy et al. 1993 ). The M3-5 companion in PG 1413 + 015 is only detectable directly during eclipse, although the reprocessed continuum and lines are visible at most orbital phases. In RE 1016-053, no continuum flux from the companion is seen out to 9000 À. Strong H Balmer and He i lines were observed in our spectrum, but were then found to be absent some 33 d later. The strength of the emission lines is often seen to vary with orbital phase, depending on the aspect of the illuminated face of the red dwarf (see, e.g., Feige 24, Thorstensen et al. 1978) .
A few of the known pre-cataclysmic systems have been found to be EUV and X-ray sources. In Feige 24, the emission appears to originate entirely from the hot H-rich DA white dwarf, which has an atmosphere containing heavy elements that suppress the emergent flux considerably at shorter wavelengths (Vennes et al. 1989) . It has been speculated that these heavy elements may have originated by accretion from an M dwarf wind, but it now appears that the Feige 24 white dwarf is quite similar to other isolated DAs of the same temperature where the heavy-element opacity is a result of radiative levitation processes (Barstow et al. 1993a ). In contrast, while the white dwarf in the V471 Tau system is the dominant source of EUV and X-ray emission, the K dwarf companion is also a significant X-ray source in its own right. Indeed, it is the most active coronal source in the Hyades (Barstow et al. 1992) . The V471 Tau white dwarf also appears to have photospheric heavy elements (Barstow et al. 1993a ), but at 35 000 K is significantly below the temperature at which the radiative levitation mechanism becomes efficient (40 000-50 000 K, e.g. Vauclair 1989; Chayer, Fontaine & Wesemael 1991) . However, there is active accretion from the K dwarf wind (Barstow et al. 1992) which could explain this anomaly.
The ROSAT Wide Field Camera (WFC) EUV sky survey has yielded a large number of new white dwarf detections (see Pounds et al. 1993) . Approximately 50 per cent of these stars were previously uncatalogued objects, whose nature was discovered through a series of optical identification observations performed in both northern and southern hemispheres (Mason et al. 1991) . The only two known pre-CV objects detected by the WFC were Feige 24 and V471 Tau, discussed above. To be visible as an EUV source, any white dwarf must satisfy several criteria. If it is a DA white dwarf, the temperature must be greater than « 23 000 K; if it is a DO or PG 1159 star, the He must be substantially ionized before any EUV flux emerges -requiring a temperature of 70 000 K or more. In addition, there must not be too much other absorbing material present, either in the intervening interstellar medium or circumstellar material or in the form of photospheric heavy elements. Unexpectedly, many of the known pre-CV white dwarfs are DAO-type hybrid white dwarfs, DA stars containing spectroscopically detectable He ii. It is notable that no isolated DAOs were detected in the survey, probably due to absorption by the photospheric He and/or heavier elements, and so it is perhaps not too surprising that those DAOs in pre-CVs were not detected either. Nevertheless, a significant number of binary systems containing a DA white dwarf plus an M dwarf were detected by the WFC and identified by the subsequent optical programme, including RE 1629 + 781 (Cooke et al. 1992) , RE 1016 -053 (Jomaron et al. 1993; Tweedy et al. 1993) and RE 2013 + 400 (Barstow et al. 1993b ). Considering the above discussion, such systems must represent a special subclass of the pre-CVs in having white dwarfs that are also EUV sources. However, RE 1016 -053 was found to be anomalous compared to other EUV detections of H-rich white dwarfs, in that it is classified as a DAO from the detection of He ii A4686. This was the first reported detection of a DAO white dwarf in the EUV. Further observations of RE 2013 + 400, discussed in this paper, reveal it also to be a DAO white dwarf.
The interpretation of the RE 1016-053 observations (Tweedy et al. 1993 ) considered the then-standard model of DAO white dwarf structure as a stratified H upon He envelope (Vennes et al. 1988 ). However, the small H layer mass implied by the strength of the He n line would imply an EUV opacity much greater than observed and the nondetection of the star. Hence the structure of the white dwarf in RE 1016-053 did not appear to be consistent with the standard DAO picture, as the He present must be more uniformly distributed in the envelope for it to be an EUV source. Subsequently, Bergeron et al. (1994) have carried out a detailed spectroscopic study of 14 DAO white dwarfs, which yields the surprising result that, in the optical lineforming region, most of these objects are not stratified after all, but are best interpreted by homogeneous compositions. Their results also suggest that most DAOs have lower masses than typical field DA white dwarfs. The main exceptions are the pre-CVs in the sample, including the two EUV detections RE 1016 -053 and 2013 + 400, which appear to have normal masses, indicating a different evolutionary history. As Vennes et al. (1988) have demonstrated that He should sink rapidly out of a white dwarf atmosphere, some currently unidentified physical mechanism must be competing against gravitational settling. Furthermore, Bergeron et al. (1994) suggest that both RE1016-053 and 2013 + 400 are detected in the EUV by virtue of lower heavy-element opacity compared to the other, mostly hotter, DAO white dwarfs.
The initial discovery of the binary nature of RE 2013 + 400 was made as part of the ROSAT WFC optical identification programme (see Mason et al. 1991) and reported in the ROSAT Wide Field Camera Bright Source Catalogue (Pounds et al. 1993 ). This was easily determined from the blue continuum slope of the white dwarf, together with the Balmer absorption lines from Hß through to He. Evidence for the presence of an M dwarf companion was found in the Ha and Hß emission lines, detectable even with the relatively low resolution ( * 10 Â) of the Faint Object Spectrograph (FOS) on the 2.5-m Isaac Newton telescope. The continuum of the M star could barely be distinguished, but a careful analysis of the FOS data suggests it has a spectral type between M2 and M4 (Jomaron, private communication) . In carrying out a further series of optical observations on the new white dwarfs discovered by the ROS AT WFC, to obtain measurements of T and log g from the Balmer line profiles, we have noted that RE 2013 + 400 is a near-spectroscopic twin to RE 1016-053 (Barstow et al. 1993b ). The Hen A4686 absorption line was clearly visible in the spectra, as were a large number of emission lines. The emission-line cores in the H Balmer series showed apparent radial velocity changes between observations made on three successive nights, indicating that the binary period is less than a day. Clearly, this is an important object for further study, and additional observations have since been carried out. We report here on a detailed analysis of the optical, UV, EUV and X-ray data that we have obtained for this source. From this, we are able to determine the temperature, gravity and photospheric He abundance of the white dwarf, to determine the binary period and estimate the masses of the components. We discuss this object in the context of its nature as a pre-CV system and as one of only two DAO white dwarfs, both in binaries, detected in the EUV and X-ray.
OPTICAL AND UV OBSERVATIONS
RE 2013 + 400 was first detected in the ROSAT WFC sky survey (Pounds et al. 1993) . Subsequent optical spectroscopy (Barstow et al. 1993b ) discovered bright Balmer series emission lines which varied in wavelength from night to night, clearly indicating that RE 2013+ 400 is a binary system similar to RE 1016-053 and other pre-CVs. Presently, there exists no optical photometry of RE 2013 + 400. However, an estimate of V= 14.6 was made from the optical ID programme. RE 2013 + 400 is also present as a weak source in the Extreme Ultraviolet Explorer (EUVE) sky survey catalogues of Bowyer et al. (1994) and Malina et al. ( 1994) . A wide variety of observations have now been made of the RE 2013 + 400 system. These are mainly optical, but also cover the UV, EUV and X-ray. Table 1 summarizes the type, sources and dates of these observations, which are all discussed in more detail below.
Temperature, gravity and abundance measurements
Since the discovery of many new white dwarfs with the optical identification programme, we have carried out a Thepre-cataclysmic binary RE 2013 + 400 533 further set of observations with the aim of obtaining high signal-to-noise ratio spectra with 3-8 Â resolution to measure the temperature and gravity of each star, by fitting synthetic spectra to the Balmer line profiles. This work has been carried out using the Steward Observatory (SO) 2.3-m telescope in the north and the 1.9-m Radcliffe telescope of the South African Astronomical Observatory in the south. RE 2013 + 400 was first observed as part of this programme on 1992 July 1, using a Boiler & Chivens spectrograph and a blue-sensitive TI 800 x 800 CCD to cover the spectral range from the Balmer limit to H/? at approximately 8-À resolution. The strong series of H Balmer and other emission lines immediately set this apart as a possible pre-CV type binary system (Fig. 1) . Consequently, the system was also observed on the two succeeding nights (July 2 and 3, see also Fig. 1 ). The Balmer emission lines are visible through to HI4, before becoming lost in the noise in the data, and several He i lines, Can K and possibly Civ are also seen. Table 2 lists the line identifications. In addition to the H Balmer absorption lines, He h A4686 is clearly detected.
In principle, this system can be treated as a double-lined spectroscopic binary, allowing us to derive the orbital period and mass function. We discuss this in more detail in Sections 2.3 and 3, with other radial velocity data taken at a later date. It is also possible to determine the temperature and gravity of the white dwarf, using the now-standard technique of fitting the predicted Balmer line profiles from stellar model atmosphere calculations to the observational data (see, e.g., Bergeron, Saffer & Liebert 1992) . We used both homogeneous and chemically stratified grids of H/He models calculated by one of us (D. Koester, see Koester 1991) , spanning the temperature range 20 000-100 000 K and log g from 7.0 to 9.0. Spectral fitting was performed using the program xspec (Shafer et al. 1991) . As the optical spectra show Hen A4686, we have allowed the He abundance and H layer mass, in the homogeneous and stratified models respectively, to vary along with T and log g. We have also measured directly the equivalent width of the He n absorption feature, as a parameter which is completely independent of the spectral model. Since the absorption lines also have emission cores, we model each of these with an individual Gaussian component, whose width, amplitude and velocity are all free parameters, in the spectral fitting exercise.
In dealing with CCD spectra, where the errors on individual data points are difficult to determine, we first perform an initial fit to the data without errors included. From the scatter on the residuals between the best-fitting model and the observed spectrum, we then estimate the average errors on the data points, which are included in a At the same time, we correct for any systematic deviation in the spectral slope between model and data, arising from slight errors in the flux calibration. A second spectral fit results in no change to the best-fitting parameters but, with the inclusion of errors on the data points, has a lower reduced ^2. To make a sensible estimate of the uncertainty in the fitted parameters, the reduced x 2 should be less than * 2, and this is usually achieved with a single iteration of the steps outlined above.
Each of the three CCD spectra of RE 2013 + 400 were treated entirely independently in the spectral fitting exercise, which utilizes the Hß, Hy, H<5 and He lines. Since significant radial velocity variations are clearly seen in the system, coaddition of the spectra, to improve the signal-to-noise ratio, The pre-catadysmic binary RE 2013 + 400 535 Figure 2 . An example of a homogeneous model atmosphere fit to the Balmer absorption, Balmer emission and He n absorption in the July 1 spectrum. The best-fitting model has 47 200 K, log g = 7.99 and log He/H = -2.7 (see Table 3 ). Fig. 2 , and the fits are of equal quality for each observation. With a stratified model the best fit to the He n 4686-Â absorption line corresponds to the thinnest H layer (1.0 x 10" 15 M 0 ) in the stratified grid. Since the EUV and soft X-ray fluxes predicted by this model are far below the sensitivities of the ROS AT instruments, we do not consider the stratified models further. We also note that stratified models were ruled out by Bergeron et al. (1994) on the basis of a poor fit to the He n 4686-Â line profile. The best-fitting temperatures, gravities and He abundances (for the homogeneous models) plus the Hen equivalent widths, together with their 90 per cent confidence errors, are listed in Table 3 . All the temperature measurements are in good agreement, well within the uncertainties in the analysis, but, while the values of log g obtained from the July 2 and 3 data are similar, the July 1 figure is somewhat higher. In addition, the measured He abundance appears to vary from night to night. There is a corresponding variation in the He n 4686-À line equivalent width, which indicates that this is a true change in the inferred amount of He rather than an effect of the higher value of log g obtained from the July 1 fit. A % 2 test on these data points and associated uncertainties shows the He n equivalent width and the inferred He abundance to be variable at the 99 per cent confidence level. These changes do not necessarily arise from intrinsic variation in the photospheric content, but may be a result of infilling of the absorption feature by an emission line associated with the red dwarf. It can certainly be seen in Fig. 1 that the strength of the emission lines we have detected does change, and we note that the measured He abundance seems to be inversely correlated with this.
Using the evolutionary models of Wood (1992) , we can estimate the mass and radius of the white dwarf from the optically determined T and log g. Considering the full range of uncertainty arising from the extremes of each of the three fits, we find that the mass is between 0.48 and 0.72 M 0 . The corresponding radius lies in the range 0.013 to 0.022 R 0 , giving an estimated distance between 95 and 155 pc. CA T Figure 3 . IUE SWP spectrum of RE 2013 + 400 (error bars) compared to a T=47 000-K, log g=l.l model spectrum (continuous curve) incorporating a helium abundance at the upper limit formally allowed by the data (logHe/H= -2.5). The gaps in the data and model correspond to reseau points.
Far-UV observations
A low-dispersion far-UV spectrum of RE 2013+ 400 was obtained by the IUE satellite on 1992 December 8. The 14-min exposure (Fig. 3 ) reveals strong absorption from the unresolved Civ doublet at 1550 Â with a measured equivalent width of 1600 ±800 mÂ. C iv was also detected in the SWP spectrum of RE 1016-053 (Tweedy et al. 1993) , but at about half the strength. While the spectrum becomes noisier at shorter wavelengths, there is also a possible Si in feature at 1300 À with an equivalent width of 1000 ±400 mÀ. In contrast to RE 1016-053, there is no evidence for any He n absorption at 1640 À, which we might have expected to see given the presence of Hen 4686 À in the optical spectrum. It is possible to determine an upper limit to the He abundance allowed by the IUE spectrum by fitting it in the He n region with the lines in our homogeneous H + He model grid. Formal flux errors are difficult to determine for IUE data, due to the nature of the detector system, but examination of the point-to-point scatter in the spectrum indicates that a realistic error estimate is ±20 per cent. Fixing the temperature and gravity within the range allowed by the optical data, we obtain a 90 per cent confidence upper limit to log He/H of -2.5, which is entirely consistent with the values indicated by the optical spectra. The model spectrum with 7=47 000 K, log g =7.7 and log He/ H = -2.5 is plotted in Fig. 3 , for visual comparison with the data.
Radial velocity and emission-line strength variations
It is apparent, from a cursory examination of the spectra in Fig. 1 , that RE 2013 + 400 exhibits substantial radial velocity variations, the emission lines changing position with respect to the cores of the absorption features. These data were each taken 24 h apart, and do not sample the orbital phase very well. Furthermore, the wavelength, and therefore the velocity, scales are not well calibrated. Additional observations were obtained as part of the service programme of the Isaac Newton 2.5-m telescope (INT ) in 1992 October (Observer RGMR), using the Intermediate Dispersion Spectrograph and an EEV blue-sensitive CCD. These spectra span a wavelength range of 4000 to 5000 Á at a resolution of 1 À, encompassing H<5 through to H/3, and a time period of * 3 h. Further spectra were also taken at the Michigan-Dartmouth-MIT 2.4-m telescope by one of us (SS) in 1993 May, using the Mark III spectrograph with a 600 line mm -1 grism and an unthinned Loral 2048 x 1048 CCD. Once again the spectra cover about 3 h, but on this occasion the data only included Ha. The instrument resolution was 3.5 A. Figs 4(a) and (b) show examples of the INT and MDM spectra, which were not flux-corrected in either observing run.
With the SO and INT data sets it is possible to obtain both velocity measurements, from the emission Unes for the red dwarf, and from the absorption lines for the white dwarf. As the Balmer absorption lines are considerably broader
The pre-cataclysmic binary RE 2013 + 400 537 than the emission features, the errors in the velocity determination are considerably larger -« 150 km s" 1 compared with 30 km s -1 . Of the absorption lines, the Hen feature is the narrowest, and so it is probably the most reliable determination of the velocity of the white dwarf, giving an error between 50 and 100 km s _1 depending on the equivalent width of the line. Unfortunately, the signal-to-noise ratio of the INT data is somewhat lower than that of the SO spectra, and the He n line is not reliably detected in all these. We have adopted the following approach in this analysis. In all three data sets the emission lines were modelled by Gaussian profiles, and the velocity shifts of the lines were determined in the usual way by comparing the observed wavelength of each feature with the rest wavelength. An equivalent width was also obtained for each line. Only Hß is clearly detected in all the INT spectra and only Ha is present in the MDM data, so we have chosen to make use of the H/3 line alone from the SO observations. While it is feasible to assemble the velocity observations for different lines into a coherent list, it is clearly inappropriate to compare equivalent widths for the different lines. Consequently, we concentrate our analysis of the line-strength variations on Hß, the line for which we have most data.
As mentioned above, the velocity scale for the SO data is very uncertain, changing by 100-200 km s _1 between each night. However, since we have velocity measurements for both stars in the system and an estimate of the mass of the white dwarf (see Section 2.1), it is possible to determine a velocity range for the centre of mass from the range of possible M dwarf masses (0.2-0.4M o ). The measured velocities can then be corrected to the centre-of-mass frame, provided that an error, arising from the uncertainty in the position of the centre of mass, is included in addition to the formal measurement errors. Finally, we estimate the absolute velocity of the centre of mass from those INT data where both He ii absorption and H/? emission velocities can be obtained. The cumulative errors on the SO data velocities are substantial compared with the formal measurement errors but, given their time spacing compared to the INT and MDM data, they are important for resolving possible aliases in the period determination. Table 4 summarizes all the radial velocity measurements, equivalent widths and associated errors, after comparison with radial velocity standards and correction for the space motion of the Earth with respect to the line of sight.
ORBITAL PARAMETERS OF THE SYSTEM
We have determined the binary orbital period of the system by fitting a sine wave to the measured radial velocities of the emission lines. The implicit assumption that the orbit is circular is reasonable, since the magnitude of the velocity Royal Astronomical Society • Provided by the NASA Astrophysics Data System changes already indicates that the period is « 1 d or less, and therefore that the system has undergone a period of common-envelope evolution which would have circularized the orbit. The best fit (x 2 = 3.9, 17 degrees of freedom) gives a period (P) of 0.710 13 ±0.000 20 d, a velocity semiamplitude (f sin /) of 85 ± 26 km s" ^ and a systemic velocity of -19 ± 19 km s -1 . We note that this value for v sin / is much, lower than an earlier estimate (Barstow et al. 1993b) , derived from just two of the SO spectra. Sine fits to possible alias periods produce substantially higher values of (e.g. 35.7 for 2P and 16.4 for 0.5P). Application of the T-test to these and the best-fitting x 2 allows us to discount these alternative periods (and indeed all others) with a confidence greater than 99 per cent. We note that our results are in agreement with other measurements briefly reported by Thorstensen & Vennes ( 1994) . Fig. 5 shows all the measured parameters -emission-line velocity, Hß equivalent width, He n velocity and He n equivalent width (in Figs 5a, b, c and d, respectively) -folded by the measured period with zero phase corresponding to MJD 48803.5. The combined data sets sample just over half a binary cycle and, as shown in Fig. 5(b) , do not cover the maximum in the Hß equivalent width variation. However, it is clear that the Hß equivalent width minimum occurs 0.25 cycles (phase 0.45) before the velocity maximum, i.e. when the emission source is at inferior conjunction. This is expected if the line emission arises from reprocessing of the EUV radiation from the white dwarf incident on the inward face of the red dwarf. The maximum emission should occur at superior conjunction, 0.25 cycles after the velocity maximum (phase 0.95), where we have no data.
In principle, it is possible to use the He n absorption-line velocity amplitude in association with the known limits on the white dwarf and red dwarf masses to determine a complete orbital solution (separation and inclination) for the system. Unfortunately, the errors on the Hen velocity changes are large (see Fig. 5c ). A sine fit to the folded data yields a semi-amplitude in the range 0 to 63 km s~l. Kepler's third law gives the separation a (in solar radii),
(see, e.g., King 1989) , where m is the total mass in solar units, and P is in hours. The possible range of the total mass is 0.68 to 1.12 M 0 , implying a separation between 2.9 and 3.4 R 0 .
Since a =vP/k (v is the orbital velocity) the inclination of the system can be estimated directly from the observed v sin L With the large uncertainties in the velocity semi-amplitude of the white dwarf, v sin i can range from 80 to 178 km s -^ the lower limit being imposed by the upper limit on the white dwarf/red dwarf mass ratio rather than the velocity measurements. Consequently, the lower limit to the inclination of the system is 40°, with the upper limit being 90°.
A comparison of Figs 5(b) and (d) illustrates the anticorrelation between the depth of the He absorption and the strength of the Hß emission line, to which we drew attention in Section 2.1. A plausible explanation for this effect is that the He n absorption feature is being partially filled by an He n emission component associated with the red dwarf, with a strength varying in phase with the H/I line. Within the errors, the maximum equivalent width corresponds to a measured value of log He/H of « -2.6. Whether or not this represents the true He abundance we cannot determine, since we have Thepre-cataclysmic binary RE 2013 + 400 539 no way of independently measuring the possible contribution from any He n emission. Consequently, we can only treat this as a lower limit to the abundance of He in the star.
ANALYSIS OF THE EUV AND X-RAY DATA
The reduction and analysis of POSAT observations of white dwarfs have been discussed extensively in several earlier papers (e.g. Barstow et al. 1993a Barstow et al. , 1994 ); hence we include only the briefest details here. The POSAT survey data consist of three broad-band data points -WFC S2 (114-200 À), WFC SI (60-140 À) and the PSPC (25-100 À). The measured count rates (count s -1 ), after correction for changes in the instrument response during the survey, are 0.033 ±0.006, 0.062 ±0.007 and 0.935 ±0.034, respectively. Since the RE 2013 + 400 white dwarf is a member of a binary system, we must consider whether or not any of the observed EUV/X-ray flux can be attributed to the M dwarf. In the energy range covered by the PSPC, the flux from even the hottest white dwarfs lies longward of the carbon K edge in the counter window (at 44.7 A). Hence the detected emission from RE 2013 + 400, at 0.038 ±0.010 count s -1 , shortward of this wavelength must be from the M dwarf, and some estimate of the contribution in the longer wavelength bands must be made. A useful comparison can be made between this system and the DA+ dK binary V471 Tau. The primary in V471 Tau is extremely active, yet contributes only * 20 per cent of the flux in the longer wavelength PSPC band and nothing measurable in the EUV (Barstow et al. 1992) . Since the RE 2013 + 400 white dwarf is substantially hotter than that in V471 Tau (35 000 K), the fraction of the PSPC long-wavelength flux arising from the white dwarf should be larger. The red dwarf in RE 2013 + 400 appears to be a dMe star, although a significant fraction of the Baimer line fluxes is associated with reprocessed radiation from the white dwarf rather than intrinsic dMe-like activity. Fleming et al. (1994) find that a typical dMe count rate ratio, in long-and short-wavelength PSPC bands, is 2 to 1. Taking this as representative of the red dwarf in RE 2013 + 400, we estimate that the count rate from the white dwarf has a lower limit of 0.86 count s" 1 . We take this into account in our subsequent analysis, where the observations are compared with the predictions of our H + He model atmospheres using xspec but, as we do not have an accurate V magnitude for the white dwarf in the system, the models were normalized using the flux measured at 1400 À with IUE. Temperature and gravity were allowed to vary within the ranges covered by the optical analysis.
With a stratified model, to fix the H layer mass at the lower limit of the grid (1.5xl0 _15 M o ), as required by the strength of the Hen 4686-Â feature (see Section 2.1), gives predicted count rates in SI and the PSPC that are three orders of magnitude below the observed values when the interstellar column is adjusted to fit the S2 count rate. Hence we can categorically rule out the possibility that RE 2013 + 400 has a stratified atmosphere. In studying the homogeneous composition models, two approaches were taken. First, the He/H abundance was fixed at the lower limit allowed by the optical data (log He/H= -2.7). The best fit to the data ( T= 45 680 K, log g= 7.66) yields a reduced x 2 of 20, well outside any reasonable confidence limits. Although the S2 count rates are in good agreement, the The pre-cataclysmic binary RE 2013+400 541 Figure 6 . Comparison between the observed ROSAT PSPC and WFC SI and S2 fluxes (error bars in increasing wavelength from left to right) and the corresponding predictions of a homogeneous model with 7= 45 800 K, log g = 7.66 and log He/H = -2.7 (horizontal lines) for a value of the interstellar medium H i column (2.0 x 10 18 cm -2 ) which gives the best fit to the S2 data point.
observed SI and PSPC values are about a factor of 10 higher than predicted (Fig. 6) . Secondly, the He abundance was allowed to vary freely within the limits of the model grid to see whether the homogeneous model could fit with some other abundance of He. In fact, a good fit to the data is found when log He/H = 3.25. The corresponding values of the other parameters are 48 230 K, log g= 7.74 and JV h = 6.3x10 18 cm -2 . The 90 per cent error range on log He/H runs from -3.1 to -3.5. Clearly, the EUV and X-ray analysis is in some disagreement with the He abundance determined by the optical data. Of course, He is not necessarily the sole source of EUV/X-ray opacity in the white dwarf atmosphere. The IUE spectrum indicates that heavier elements (Civ and possibly Sim) are present. The observed features are unusually large and, with the relatively low EUV opacity observed in RE 2013 + 400, are likely to be mostly circumstellar, resulting from a wind-ISM shock, as suggested by Tweedy et al. (1993) in the analysis of RE 1016 -053. However, if any of this material is photospheric, the required He abundance would be even lower than our simple analysis indicates.
DISCUSSION
The presence of narrow emission lines superimposed on the Balmer absorption spectrum of the white dwarf and the short, 0.71-d period we determine for this system from the radial velocity variations of the emission lines clearly show this system to be a pre-cataclysmic binary. The Ä 6-R 0 separation of the system indicates that it almost certainly passed through a common-envelope phase when the white dwarf progenitor was a red giant. The relative phase of the radial velocity and emission-line flux is consistent with the expectation that the latter arises from reprocessing of the white dwarf EUV/X-ray flux incident on the red dwarf photosphere. Interestingly, we find that the red dwarf is an X-ray source in its own right, indicating a much higher level of activity in this companion star than in the red dwarfs of the similar systems Feige 24 and RE 1016-053. Both these objects are somewhat closer to the Earth than RE 2013 + 400, yet neither red dwarf is detected by the PSPC. An important factor may be the orbital period of these systems. The period of RE 1016 -053 is unknown, but that of Feige 24 is *4 d, compared with the 0.71-d period we find for RE 2013 + 400. In the V471 Tau system the companion to the white dwarf is, at K2, much earlier than the red dwarf in RE 2013 + 400, but the period of « 0.5 d is rather similar, and the companion is also an X-ray source and presumed to be rotating synchronously with the binary period. Hence we suggest that the enhanced activity in the RE 2013 + 400 red dwarf could, at least in part, be a result of rapid rotation caused by tidal interaction. One consequence of this would be that a fraction of the observed emission-line flux will probably be intrinsic to the red dwarf, constituting a base level that will not disappear at inferior conjunction, when the face illuminated by the white dwarf is away from us. Secondly, the red dwarf is likely to have a significant wind, like V471 Tau, from which the white dwarf could accrete material. In V471 Tau, a consequence of such accretion is the pulsation behaviour caused by rotational modulation of the X-ray/EUV dark and optically brightened polar regions (Barstow et al. 1992) . The Civ and Sim features seen in the IUE spectrum may be a consequence of the interaction of an M dwarf wind with the white dwarf. Since RE 2013 + 400 is 10-20 times fainter in the EUV and X-ray than V471 Tau, the ROSAT survey light curves do not have sufficiently high signal-to-noise ratio to search for similar pulsations, and we have not yet been able to carry out any high-speed astronomical photometry on this system. Clearly, such observations should be undertaken in the near future.
The spectral type of the RE 2013 + 400 primary is in keeping with an apparent tendency, reported by Tweedy et al. (1993) , for the primary stars in pre-cataclysmic binaries to be DAO white dwarfs. However, the system is also a member of a small subgroup of these objects (Feige 24, V471 Tau and RE 1016-053; see above discussion) which are EUV/X-ray sources. Within this group, only RE 1016-053 is a DAO white dwarf and, so far, this and RE 2013 + 400 are the only such detections reported. In their detailed optical study of DAO white dwarfs, Bergeron et al. (1994) include both RE 1016 -053 and 2013 + 400 in their sample, interpreting their spectra as arising from a homogeneous H + He atmosphere. They then explain the detection of these stars and the non-detection of all other known DAO white dwarfs by ROS AT (and EUVE) as arising from differences in heavyelement abundances in their photospheres. This is certainly a reasonable explanation, given that RE 1016-053 and 2013 + 400 are among the lowest temperature stars in the DAO group, but it is not necessarily the only possible interpretation.
The results of our combined optical and EUV/X-ray study show a possible stratification in the composition and structure of the white dwarf in RE 2013 + 400 which is not revealed by optical observations alone (cf. Bergeron et al. 1994) . Analysis of the optical spectra yields a temperature ( ~ 47 000 K) and log gravity («7.7) which are consistent with the results of Bergeron et al. (1994, T= 47 800 ± 2400 K, log g = 7.69 ± 0.16 and log He/ H=-2.62 ±0.63). The largest of our He abundance measurements also agrees with theirs. However, we have two additional pieces of evidence which add to the picture. First, the observed variability in He absorption-line strength with orbital phase, which seems most likely to be a result of infilling of the absorption line with a variable emission component, suggests that the values of the He abundance that we and Bergeron et al. quote may only be lower limits. Secondly, and more important, are the results of the EUV/X-ray analysis which appear to require the He abundance to be 1-2 orders of magnitude lower than the optical data imply. Initially, we need to treat this result with a certain amount of caution, since we are aware of some anomalies in fitting the Hen line profiles in DAO white dwarfs (Werner, private communication). However, tests of different Hen linebroadening formalisms in the models used here indicate that any possible systematic errors in determining the respective He abundances are likely to be smaller than the differences observed. How can we resolve this problem? The simplest explanation is to take all measurements at their face value, and interpret the result as an abundance gradient in the star. Often it is assumed that observations in the EUV/X-ray regions of the spectrum probe deeper into the atmosphere. However, when significant quantities of He are present, this is no longer true. Indeed, the EUV/X-ray continuum flux is formed higher in the atmosphere than the optical lines. Hence our result would be in keeping with the idea that the atmosphere of the star is stratified in some way, but with a weaker gradient than is present in simple equilibrium models. Alternatively, since the EUV/X-ray, UV and optical observations are well separated in time, we might consider that the He abundance is varying on a long time-scale, being particularly low when the star was observed by ROSAT. While we cannot completely rule out this possibility, it seems unlikely when the same He abundance is measured from the SO and INT data sets, which are separated by several months.
It is interesting that the only DAO white dwarfs detected by ROSAT are in binary systems. Most of the white dwarfs in the Bergeron et al. (1994) sample are isolated objects, and the presence of a homogeneous mixture of He requires an as yet unknown mechanism to prevent the He settling out of the atmosphere under the influence of gravity. Bergeron et al. (1994) suggest that mass loss may be the cause, but there is, at the moment, no theoretical work to test this proposition. In RE 2013 + 400 and 1016 -053, an alternative possibility is that He could be accreted from a companion wind. We know of at least one system, V471 Tau, where this is happening (e.g. Barstow et al. 1992) , and there is a strong indication, from the work presented here, that the red dwarf in RE 2013 + 400 also has a wind. Photospheric He has not been detected in the V471 Tau system but, as the magnetic field confines the accretion to small polar caps on the white dwarf, it may well be more difficult to find spectroscopically. If accretion is the source of He in RE 2013 + 400, then the detection of this star (and by association RE 1016 -053) at EUV and X-ray wavelengths could be a consequence of its particular structure, rather than a lower abundance of heavy elements. A knowledge of whether or not the atmospheric structure of RE 2013 + 400 might be typical of the wider class of DAO white dwarfs is crucial. If a He abundance gradient is present in all of these stars, this could be an important indicator as to the supporting mechanism and, at the very least, it must be explained by any proposed model.
CONCLUSION
Our multiwavelength observations have revealed much of the nature of the ROSAT discovery RE 2013 + 400, but have raised a number of unanswered questions. It is a precataclysmic binary, the white dwarf having a temperature of « 47 000 K and log g « 7.7. The system is quite similar to the pre-CVs Feige 24 and RE 1016-053 in its detection as an EUV/X-ray source and also in having an M dwarf secondary. However, its 0.71-d period is much shorter than Feige 24, at least, and the M dwarf has a level of intrinsic activity much more like that of the K2 dwarf in the pulsating/eclipsing binary V471 Tau. We suggest that a search for similar pulsations in RE 2013 + 400 should be carried out with highspeed photometry.
Possibly the most intriguing feature is the detection of He in the optical line-forming region of the photosphere but with much too low an abundance, if indeed there is any present, to be found in the region where the EUV/X-ray continuum is formed. This could be a consequence of the binary nature of the object, if the source of the He is accretion from a companion wind. Alternatively, if RE 2013 + 400 is typical of many DAO white dwarfs (note that it is included in the sample studied by Bergeron et al. 1994) , the atmospheric structure we appear to have observed could be an important clue to the mechanism that prevents the He sinking out of the photosphere under the influence of gravity, as predicted by theory (Vermes et al. 1988 ).
In our interpretation, with the evidence we have, any variation in the strength of the Hen 4686-Â absorption feature has been ascribed to infilling of the feature with an emission component of varying strength. We do not have data of sufficiently high signal-to-noise ratio or spectral resolution to examine the alternative possibility that the He abundance may be truly changing. If the He is accreted, it is not necessarily distributed uniformly over the surface of the white dwarf. An inhomogeneous surface distribution of the material may be partly responsible for some of the abundance effects we have seen.
It is important that we answer these questions; to do this we require further observations of this system, but with higher signal-to-noise ratio, better spectral resolution and improved temporal coverage than the data in this paper. In addition to more detailed studies of RE 2013 + 400, the work included in this paper needs to be extended to other pre-CV systems and isolated DAOs to learn more about the structure and composition of this important group of white dwarfs.
